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Tracer Studies on the Decomposition
of Ozone in Water
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{CONTRIBUTION FROM THE GEORGE HERBERT JONES LABORATORY OF THE UNIVERSITY OF CHICAGO
Tracer Studies on the Decomposition of Ozone in Water

By Orro L. FORCHHEIMER AND H. TAUuBE
RECEIVED DECEMBER 11, 1953

The direct exchange of Oy with watcr in acid solution is very slow; however, exchange does take place to a limited extent
when decomposition occurs. The exchange induced on decoriposition is inhibited by Cl1=, HOAc and HNO; (at high con-
centration), but is the same in dilute HCIO,, HNO, or HzSO. solution, and is the same for the hydrogen peroxide induced and
the spontaneous decomposition. The extent of exchange increases as O, concentration decreases, to a value ecuivalent to the
exchange of 1/4 of the oxygen of the ozone decomposed. These resuits, in particular the extent of exchange, demonstrate
hydroxyl radical as thc exchange aid dzcomposiiion active mtermedxate for tbe non-inhibited reactions. In alkaline solu-
tion, the exchange of ozonized oxygen and water under some conditions is greater than can be accounted for by the exchange

of ail the ozone decomposed; ozone catalyzes or indnces the exchange of O, with water in alkali.

The hydroxyl radical has been proposed as an
intermediate in a great variety of reactions in wa-
ter solution.! While it is likely that this species is
actually invelved in many of the systems, in ro
case has proof been advanced that the jntermcdiate
carrying the bulk of the reaction is really the hy-
droxyl] radical. The ubiquitous nature of the radi-
cal derives from the simple chemistry relating it tc
water, hydrogen peroxide and ¢zoine, the difficulty
of characterizing it fromn its high reactivity. It

(1) N. Uri, Chem. Rees., 98, 375 (1952).

apparently reacts with a widc variety of substances,
whether reagents or impurities in them, and even
with rather inert reducing agents such as Cl— and
HOAc.? The general ambiguity about mecha-
nisms involving it centers around the question of
whether a particular powerfui oxidizing interme-
diate under study is the hydroxyl radical, or an in-
termediatc generated by the reaction of hydroxyl
radical with some substance in the solution. Thus
in the work on the decomposition of ozone induced

(2) H. Tauhe and W. C. Bray, TRI8 JourNaArL, 62, 3357 (1040).
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by hydrogen peroxidc, the presence of a powerful
le~ oxidizing agent has been demonstrated.? How-
ever, kinetic differcnces in the system are produced
by substituting the acids HCIO;, XINQ,;, H,SO; for
cach other, which show that at least two of the cor-
responding anions exert specific effects. Hence
the question arises in each case, whether aiiy hy-
droxyl radical forined may net react with the acid
anion, so that the oxidizing intermediate studied is
in part at ieast a species derived from the anion.

A reaction which offers some hope of distinguish-
ing between HQ and other radicals is the exchange
of the oxygen of the radical with water.®> In the
work reportcd here, we have attempted to find evi-
dence for the participation of HO in reactious of O,
in water solution by measuring the extent of the
exchange? which occurs when O, is decomposed in
water of different isotopic composition. An impor-
tant difference between HO and the radicals which
mnay be formed by it, or rival oxygen radicals which
might be assumed, is the cxtent of the exchange
which cach can induce. The advantage which
ozone chemistry offers for the purpose at hand over
that of hydrogen peroxide, is that here the hydroxyl
is converted to the product O, which under usual
conditions does not exchange with water, while in
the reacticn with hydrogen peroxide it is presuni-
ably converted to water

HO®* -+ HOOH —=> II,G* + HO.

Reference has been made in the literature to an
attempt by E. Collinson and F. S. Dazinton* to
find evidence for the exchange of hydroxy! and
water, examining the oxygen liberated when H,O,
decomposes in water of diffcrent oxygen isotopic
composition. No unique conclusion can be drawn
from the failure to observe exchange using this
approach. A number of causes, in addition to
slowness of the exchange in question might be re-
sponsible for the failure to observe isotope mixing
of the oxygen derived from H,0, with thc solvent.

Experimental

Procedure.—Ozonized oxygen was prepared from highest
purity tank oxygen by passing the dried gas through a stand-
ard type of ozonizer. The ozonizers were of Pyrex glass;
on cooling in Dry Ice-acetone, they delivered 8% O: in the
gas stream, this concentration being sufficient for our pur-
poses. Lower concentration levels were maintained by
allorting the ozonizer to operate at room temperature or by
ir..easing the flow rate.

Three types of reaction have been studied, the spontane-
ous decomposition in acid solution, the induced decomposi-
tion in acid and the spontaneous decomposition in alkaline
solution. In all experiments, cells were used providing
about 25 ml. of gas space for § ml. of solution. The reac-
tion cells were filled by passing ozonized oxygen through the
solution from which only the inducing agent was omitted,
until air was wompletely swept out. The initial concen.
tration of ozone in the gas was determined by analyzing the
contents of a dry bulb in series with the reaction vessel.
The gas mixtures in contact with alkaline solution were
left to proceed to complete decomposition. Those in con-
tact with acid solution usually contained residual ozone at
the time of analysis. In these experiments, two or three
separate reaction bulbs were prepared, of which one was
used to yield the value of the ozone concentration at the
time of analysis, and the remaining one or two were used
for mass spectrometric determination of the isotope ratio

(3) O. L. Forchheimer and H. Taube, Tuis Journar., T4, 3705
(1953).
{4) F. S. Dainton, Ann. Reports, 46, 37 (1948).
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of the gas. During reaction 1bc cclls were stored in the
dark at 23 = 1°, and were subjented to a gently rocking
inotion for stirring.

The ozone was analyzed by passing the gas earried hy a
stream of air through neutral potassius iodide solution, and
determining the liberated iodine with standard thiosulfate.
I all expariments the solution was enriched in O'%, and the
gas was of normal isotopic composition. The isotopie com-
position of the solutions was cstimated, knowing that of
the cnriched water, and taking aceount of the exchangeable
oxygen added. The isotopie eomposition of the ozonized
oxygen was determined by drying the gas, decoutposing the
ozoue by heat, and analyzing the oxyvgen in a mass spectrome-
ter. Any samples showing abnormally high N; peaks were
rejectcd. 1t should be noted that no errors are introduced
due to fractionation, except for the experiments in which an
indueing agent is present. In these, a small fraction of the
ozone oxygen is converted to water. However, even here,
the effects due to fractionation ean be ouly a small fraction
of those observed due to exchange, and will affeet the over-
all isotope ratio only in the 5th significant figure. The
initial isotopic eomposition of the ozonized oxygen was de-
termined by passing the gas through water of normal iso-
topic eomposition, and making thc dctermination on the
washed gas. Gas so treated invariably yielded a slightly
lower value for the ratio O'8/0! than dry gas. The reason
for the diffcrence is not known, but may be eauvsed by a
spurious component of mass 34 which is removed by the
ozonization and washing. Mass spectrometer analyses rc-
quiring high precision, as inn expcriments with gas containing
the lowest concenirations of ozone, were madc on an instru-
ment 1nade available through the courtesy of Prof. H. C.
Urey, giving a preeision of 2 parts in 104 in the isotope ratio.

Reagents were A.R. grade. The enriched water used as
rcaction medium was purified by distillation from alkaline
permanganate, and redistillation, using all-glass stiis.
Other work? ks shown the sensitivity of the ratc of decom-
position of ozone to the presence of impurities even at low
concentration. This faetor, more than the analyses,
limits the precision of the data we have obtained. Partieu-
larly when as i the experiments in acid, extent of decompo-
sition and mass spectrometer analyses arc performed on
separate samples, on oceasion a wildly aberrant result was
obtained, attributzble to an aecidental impurity in onc of
the samples. Most of the conclusions arc based on experi-
ments for which tte results have been confirmed, or for an
array of data which show a systcmatie relation to the varia-
tion of some parameter. Apparently the grease usced for
the stopeocks (Halocarbon product) is without cffect; no
difference in behavior was notcd hetwecn experiments in
which the zolution was in direct contact with greased seals,
or those conducted by isolating the seal at the end of a tube
opening to the gas phase. Ordinary stopcock greasces gave
very erratic results, and experiments in iubes iubricated
with themn showed much smaller values of the extent of cx-
change. The reaetion vessels were cleasied with concen-
trated nitrie acid after removiag the grease with svlvent,
rinsed thorcughly, finally with =edistilied water, and dried
in an oven at 110°.

The data were treated, taking account of the change in
isotopic cornposition of the total gas, the enrichment of the
water and thc amount of ozone decomposed, by caleulating
the fraction (X) of ozone decomposcd which exchanged with
the solvent to vroduce the observed enrichment. For in-
duced reactions, two changes take place: net decomposition
of ozone and the stoichiometric reaction of O; with the in-
ducing agent. Only the ozone undergoing net decoriposi-
tion was need in calculating X. 7The theoretical justifica
tion is that HO which reacts with the indueing ageut forms
water and thus does not contribute to the exchange; the
empirical justification is that only on this Lasis are the results
concordant and meaningful.

Results

Table I shows the results of the cxpcriments in
acid zolution, both induced and spontaneous, Table
IT, fo1 the decomposition in alkaline solution.

Discussion

In the absence of decomposition (compare results
of experiments 1.11, 1.12, 1.21 and 1.22 with others)



April 20, 1951

DrcoMposITION oF OzoNE IN WaATER

2101

TABLE I

Tue EXCHANGE oF O ON DECOMPOSITION IN ACID SOLUTION

(Temp., 23 &= 1°; total pressure of gases, 760 mm., except in 1.33-1.35, N:/N, reprzsents the change in the ratio O'8/0O'% on
decomposition; solution 7.0- to 7.3-fold enriched in O,)

Tuducing agents®

pos.

No, Ticse, hr. and catalysts Medium mm. Apos Nu'No &Y
1.12 67 3.3 X 1073 M CI- 0.04 M HCIO, 38 7.0 1.000
1,12 108 3.3 X 1073 M CI- .04 3 HCIO, 36 10.5 1.002
1.13 £ ) s .04 M HCIO; 37 21.2 1.029, 0.12°
1.14 88 e .04 M HCIO, 36 24.5 1.027 092
1.21 17 3.3 X 10"* M Cl- .04 M HCIO, 33 8.5 1.006°
1 X 10~% M H.0,
1.22 T'/s 1 X 107 M HOAc .04 M HCQI0, 33 9.9 i.002¢
1 X 107 M H.0,
1.31 16 1 X 10-* M Hy0, .04 M HCIO, 8. 6.4 1.045 .15
1.0045° .15
1.32 22 1 X 10~ M H,0, 04 M HCIO, 8. 6.6 1.0070° .21
1.33 17 1 X 10-* M H,0 .04 M 1CIO, 8. 4.9 1.012 J16°
1.34 18 1 X 1073 M H,O, .04 M HCIO, 13 8.6 1.027 .13
1.35 18 1 X 10~* M H:O, .04 M HCIO, 13 6.4 1.017 147
1.36 17 1 X 1073 M Hy0 .04 M HCIO, 17 11.6 1.013 17
1.37 17 1 X 10-* M H.O, .04 M HCIO, 33 21.3 1.024 .13
1.38 17 1 X 1073 M HyO: .04 M 11C10, 36 21.3 1.031 .15
1.39 16 1 X 1073 M H.0, .04 M HCIO, 52 41.5 1.042 .10
1.40 17 1 X 1073 M H,O, .04 M HCIO, 58 47.6 1.040 .000°
1.045 .096¢
1.51 17 1 X 10"* M H:0, .04 M HCIO, 32 255 1.034 J1a
’ 1.033 .13
1,52 7 1 X 10T M HiOs .17 M Q0. 25 i3.6 14021 1K
1.53 18 1 X 10~% M H:0, .35 M HCIO, 34 9.8 1.011 .22
1.007, .14
1.54 17 1 X 103 M H.C, .035 M HNO, 28 20 5 1.017 09
1.021 11
1.55 18 1 X 10~% M H;O, .25 M HNO, 28 6.5 1.000+ <.01
1.56 18 1 X 1073 M H,0, .02 M HsSO, 33 20.5 1.020 .il
1.033 .18
1.61 8 1 X 10~* M HCOOH .04 M ECIO, 43 10.0 1.000 <.01
1.62 9 1 X 10~* M HCCOH .04 M HCIO, 37 11.4 1.007 .08

@ Calculated by subtracting from the decomposition the residual decomposition observed over the same time interval in

the chloride inhibited reaction.
ent, possibly heterogenzous path.
tact with grease only in gas phase.

the exchange of O; with water in acid solution is
very slight. The exchange observed is therefore
coupled to the deconiposition, presumably by some
intermediate which is a catalyst for the decomposi-
tion. The most definite evidence about the nature
of the intermediate responsible comes from the
measurement of the limiting extent of exchange at
low ozone concentration. Owing to the impreci-
sion of the data, an exact value for the limiting ex-
change has not been established, but the data show
that of chemicully reasonable values as simple
fractions, a limit. of !/, fits the data best. This is
the value expected with HO as the intermediate
responsible. The following reaction scheme, which
incorporates reactions previously discussed for the
catalysis by HO of the decomposition of Os** and a
step for the exchange of HO and H,0, is consistent
with the exchange data.

HO + H,0* —» HO* + H,0 (1

HO* 4+ 0 —> HOO* + O, (2)
HOO*+ O3 —> HO+ Q0* + 0 (1)

H,0* + 20; —> 20, + 00* + H,0.

Net:

(5) 3. Waiss, Trans Pavadsy Soc., 31, 668 (1935).

This residual decomposition does not produce exchange, and presuinably involves a differ-
b Analysis made using the precise mass spectrometer,
¢ Complete consumption HyQ: and HCOOH.

Tota! pressure '/ usual. ¢ Con-

In this scheme, reaction 3 is visualized as H atom or
electron transfer (HO, is apparently a fairly strong
acid)® rather than an oxygen atom transfer proc-
ess. In view of the strength of the O-C bond in
HO;, such a mechanism seems more likely than O
atom transfer to O;. Since the extent of exchange
in acid is independeat of O, pressure (cf. experi-
ments 1.33-1.35 and expts. 1.31-1.32) the effect is
not caused by an intermediate catalyzing the ex-
change of O; and water; similarly the dependence
on Os concentration, the exchange increasing as O;
decreases, shows that it is not caused by catalysis
of Oy-H,0 exchange. Rather, the maximum extent
of the exchange is a direct measure of the number of
atoms of exchangeable oxygen converted to O,
which is offered by the intermediate over the cataly-
tic cycle. The mechanism proposed satisfies the
kinetic requirements outlined. Other intermedi-
ates have been considered. With HO, or HO; as-
sumed as the exchangeable intermediate, the limit-
ing value of extent of exchange in each case is
expected to be 1/;. The mechanism with HO;

{&) F. Taube, THIS JOURNAL, 64, 2368 (1942).



TasLE 11

FxcHANGE OF 0z0x1zED OXYGEN AND WATER IN ALKALINE
SoLuTION
Temp., 23 &+ 1°; decomp. O; complete in zil expts.; time
variable, of the order of hours).

NaOH, Special $oa,

No. M conditions mm. Na/Na X
2.01 000031,  creanzeaassems 27.5 1.016 0.04,
2.03 SO0T0 ey a6 s s s 35.0 1.271 .71
1.297 .77
2.03 0050 Lol 32.6 1,816 2.3
1.860 2.4
2.04 A0058 oo emen e 31.1 1.756 2.1
1.642 1.8
2.05 L0055 2.5 X1073MC1- 28.1 1.627 2.1
1.699 2.3
2.06 .0060 8 X 10-* M H,0. 31.1 1.621 1.9
1.655 2.0
2.07 L0035 posreducedto!/s 6.5 1.462 1.6
1.442 1.5
2.08 001 R I S S 12.9 1.424 2.9
1.389 2.7
2.09 .092 31.9 2.548 4.4
2.941 5.5
Z2.10 .092 22.1 2.651 6.8
2.11 1.03 30.4 1.878 2.7
2.097 3.6
2.12 9.53 34.2 1.079 0.21
1.079 0.21
2.13 10.15 22.0 1.075 .30
1.062 .25

can be formulated as

HO,; -+ 2H,0* —> HO0*00* + 2H,C
HC*00* + O; —> HO*O + 9*0 + O,
HO'0O + 0; —> 00* + HO,

The limiting exchange to be expected with ClO; as
the active intermediate cannct be arrived at as
definitely as for the oxygen radicals considered.
The most likely value is zero. If the radical ClO,
retains substitution properties of ClO;—, it would
be expectedfio be rather inert with respect to oxy-
gen exchange; furthermore, even if ClO; did ex-
change oxygen with solvent, the CI-O bend would
have to be severed in some step tc bring this oxygen
into the gas phase. Of greater force in rejecting
ClO, as the responsible intermediate in HCIO,
solution, is the experimental observation that in
HNO;, HCIO; and probably H,SO, solution, at
least at low concentration, the extent of the ex-
change is nearly the same. Of the reasonable in-
termediates, HO is the only one that explains the
exchange data and in this sense the observations
on exchange constitute proof of the participation
of HO in the catalytic decomposition of Oy in water.

The interpretation advanced brings many of the
additional observations immediately into line with
the kinetic work on chain reactions in mixtures of
H.0; and ;.2 Foremost is the effect of Cl- and
HOACc, whicli inhibit both the net reaction of H.0,
and O;, and the decompositivi of O3 induced by it;
the exchange, which also depends on the presence
of HO, is also strongly inhibited. Cther paths
exist for the decomposition of O;, as at high inhibi-
tor concentration, which presumably do not invelve
HO as the intermediate attacking 032 ‘These

Otrto L. FORCHHEIMER AND H. TAUBE
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paths are observed not to produce O, exchange on
decomposition. At higl: nitrate iou concentration
in acid, the exchange is also wiped out, althonugh the
decomposition is not; the kinetic data? also indi-
cated reaction of the oxidizing intermediate gener-
ated by C; + H.0, with some (or all) of the anions
ClOs~, NO;3;~, SOs~. The concentration of SQ,=
wav not increased sufficiently in the present work to
make a rigorous test of the efficiency of the reaction
of HO and SO,~. Formate ion, shown by kinetic
evidence’ to yield the same intermediate for the
decomposition of O; as does H,QO,, 2lso induces ex-
change. The conditions of the kinetic experi-
ments and those of the exchange experimerts were
not identical (higher temperature and lower (Oj)
in the exchange work) but the indications from the
exchange results are that at higher HCOOH con-
centration, HO is indeed the principal catalyst for
the induced decomposition of O;. Here as in the
kinetic work, the remarkable result appears that
tite HO chain for O; is supplanted by some other
path, presumably involving a carbon radical, at
low (HCOOH).

The observation made in the kinetic work that
the rates of the H,O, induced and the spontaneous
decompositions of O; are sensitive to the same inhib-
itors indicated the conclusion that the reactions
proceed by a common path. This conclusion is
confirmed by the exchange results which show that
the extent of exchange is very nearly the same by
hnth paths. Thus, some mechamsm exists for
generatmg HO from Oj in water, the HO then cata-
lyzing the decomposition of O;. However, other
paths also operate for the spontaneous decomposi-
tion, probably including heterogeneous ones, which
are not sensitive to C1— or HOAc, and do not cause
the exchange of O; on decomposition.

The exchange results afford some entirely new
conclusions about the properties of the hydroxyl
radical. The decrease in the extent of exchange as
the concentration of O; increases makec possible an
estima.e of the relative specific rate of exchange,
and the reaction with O;. The average value of O3
concantration (average computed from mean vaiue
of the log (O;)) in expt. 1.40, is 24 inm., correspond-
ing to a concentration in solution of 3.1 X 10— M,
This concentration of Os suffices to reduce X from
the maximum value of 0.166 to 0.09;. The rates of
exchange and of reaction with O; for the expenment
are in the ratio 0.093/0.073, and taking account of
the ozone concentration, the corresponding specific
rate ratio ki/ks, is 4 X 10~%.  Thus quite a low con-
centration of Oj; suffices to wipe out the exchange
effect completely. The relative specxﬁc rate of
reaction of HO with H,0; as cotupured io & is 5,32
(at 0°),2hence a fairly low concentration of H,O,also
competes effectively against exchange. Thedataon
the variation of X with concentration of HCIO; tndi-
cate no effect in the range 0.004 to 0.04 A, but in-
dicate an increase at higher acid. The increase
presumably neans that the competition between ex-
change and reaction with O; is more fuvorable to
exchange at higher acid. An cxpianation for this
behavior is that the exchange path at low acid in-
volves HO + H,0, but that at Liigher acid, the path

(7} H. Taube, Tins Journai., 68, 2453 (1041)
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H+ + OH + H:0 — also becomes important. It
1s possible that the mobility of HO is greatly in-
creased at high acid, because of the opportunity
a eomplex of formula H,O* affords for the radical
to move by electron transfer in the watcr latticc.
The most interesting observation made in the
experiments in alkaline solution is that X in these
solutions can exceed unity. This means that not
only the oxygen formed by the ozone decomposed,
but also additional oxygen is brought into isotopic
equilibrium with the solution. The means by
which the exchange occurs is not known. The
qualitative kinetic observations: that the extent of
exchange diminishes both at high alkali and low al-
kali, that it increases as the pressure of oxygen in-
creases, and that the turnover of oxygen per mole-
cule of ozone increases as the ozone coneentration
decreases are compatible with a mechanism i+ vhich
an intermediate formed on the decomposition of O;
catalyzes the exchange of OH~ and Q.. A possibil-
ity is that the hydroxy! radieal ion is the intermedi-
ate in question. In alkaline solution, HO, which
ean be expeeted to lese a proton in approximatelv
the samc range of acidity as H.O,, will be present
at least in part as O~. The exchange of hydroxyl
with watcr (and thercfore of O~) already has been
demonstrated. Thc exchange of O and oxygen
may occur via the reaction O~ + O, = O3~. The
ion O3~ 1s known to be formed on the reaction of O;
and solid KOH, and has been characterized in the
solid statc® A distinct mechanisnmi for the ex-
change, in which O; engages in a reversible reaction
with OH —, analogous for example to the reaction of
SO, and OH —, also fits the observaticns made thus
far, exeept possibly the dependence of exchange on
(02). A simple means of distinguishing the two
modes of aetion would he that followed in acid solu-

(8) 1. A. Rarzarnovskii. B. P Nikolski and T. A. Abletsova, Dok.
lady Akad. Nauk. S.S.S R., 64, £9 (1949
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tion, to study inhibition of the cxchange. Experi-
ments of this type perforined thus far lead to no
definite conclusion. The failurc of Cl— to inhibit
the cxchange does not rule out the O~ meehanism.*
The couple OH~ = HO + e—, E® = —1.9, is not
sufficiently powerful to oxidize C1~ to Cl. If HO
is further stabilized by the change HO + OH- =
H.O + O-, the oxidation becomes evcn less favor-
able. If a value of 107 is assumecd as the dissoci-
ation constant of HO, E® for the principal couple
in alkaline solution: 20H~ + H;0 4+ e~ is —1.6
volt. Ncither equilibrium nor mechanism favor a
rapid reaction of O~ and Cl—. The single experi-
ment with H,0, and O3 merely confirms an observa-
tion which can be made more directly, that H,0,
and O; react ranidly in alkaline solution. An O-
mechanism has been proposed for the «y-ray in-
duced chain exchange ci O, and water in alkaline
solution.’® It is likely that thc intermediate caus-
ing the catalysis in this system and that studied by
us is the same. But also for the radiation induced
reaction, no observations arc published that defi-
nitely rulc out catalysis by O; which may be produccd
at low coneentration, 2s the eausc of the exchange.
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(Yv the report (Paper 126, Division of Phy<ical and Inorganic
Chemistry, 123rd meeting. ACS. Los Angeles, March, 1953) that T
does inhibit was wrong.

(10) E. J. Hart. 8§ Gordon and D. A. Hutchison, THIS JOURNAL,
T4, 5348 (1952).
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The reaction of Cr*+ with a variety of ions of the type Co{NH;);X ** a3 oxidizing agent takes place with quantitative
transfer of X to the reducing agents. For the system with X~ = Cl1-, it has been shown that the transter takes place with-
out there being any exchange with chloride ion in solution. These observations lead to the conclusion that the activated
complexes fur the electron transfer reactions in question have configuiations in which X makes a hond simultaneously to Cr
and to Co. Any group which has unpaired electrons available for interaction with Cr ** is found to provide a more accessible
pass for electron transfer than does the proton codrdination shell of Co(NH;),**+, A bhridged activated complex also ex-
plaios observations made on reactions of Cr{iI1I) complexes catalyzed by Cr**, Resuits obtained with other oxidizing
agents which are substitution-inert show that although formation of a bridged activated complex does take place, net transfer
of the bridging group fromn oxidizing agent to reducing agent is not an essential feature of the electron transfer process.
Strong evidence is presented in support of the view that a bridged activated complex is involved also in the action of sub-
stitution-labile oxidizing agents containing Fe(IIl) on Cr*¥ (or in the “catalysis” of the reaction of Crt* and Fe*+* by
anions), and in the exchange of electrons between Fe ++ and Fe(11I) species.

The formulas of most aquo icns in water are not description of thie clectron transfer process. In-
known. and therefore the problem of the mech- formation of this kind is difficult to obtain for ali
anism: of oxidation—reduction reactions involving but a few aquo ions, the few comprising those which
them goes particularly deep. Furthermore, noth- yield substitution-imert products on undergoing
ing is known about the changcs in the codrdina- electron transfer. ‘The reducing agent Cr*+* quali-
tion spheres which may accompany electron trans- fies for an investigation of the kind implied. The
fer, although such information is essential to the results of a study of the products formed when it is
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nxidized by various agents foris the subject of the
present report.?  Although Cr(I1) is labile to sub-
stitution, most of the product complexes containing
Cr(ILI) in acid solution preserve their identity for
periods of time long compared to the rate of oxida-
tinn of Cr++. Thus it ean often be shown that a
group in question found combined with Cr(1II)
did not combine with it after the act of oxidation
of Cr(II). In such cases the conclusion follows
that the group was uttached in the activated com-
plex, and some featurcs of the structure and com-
position of the activated complex are therefore
given a dcfinite description. The entry of all the
groups F—, Cl—, Br—, I~, SO,~ into the coérdination
sphere of Cr(HO)¢*++ is so slow under the condi-
tions of our experiments that this route is negligi-
ble in accounting for the complex ion products ob-
served. In fact, at the coucentration of halide
present in most of the experiments, the ions?
CrCl++, CrBrt+ and Crl++ are unstable with
respect to Cr(H,0)s+++ and X, and if the systems
are left to reach equilibrium, the concentrations of
CrX+** remaining are negligible in comparison to
those generated by cvidation of Cr++.

The conclusions drawn from the results obtained
on the oxidation of Cr++* have this general signifi-
cance. As a minunum they serve to show what
kind of process can take place when an aquo cation
is oxidized. By comparing kinetic properties of
paths for the oxidation of Cr*+ with those for reac-
tinnus in which only substitution-labile ions are in-
volved, the extension of the model processes to
them can be justified.

Experimental Method

The apparatus for storing and dispcnsing the solution of
Cr ** was similar to that described by Lingana and Pecsok.?
The reaction flask, 500 ml. in mpacxty, was fitted with four
ground glass entries, one to accommodaie the delivery tube
of the pipet, one for the mercury seal stirrer, one providing
entrance and exit for gas, one for introducing reagents, and a
stopcock at ihe bottom to serve as a drain.

The solution containing Cr+* was prepareda by reducing
chromium(III) perchlorate in 1 M HCIOy with amalga-
mated Zn, and was protected from ile a;mc’phe.n. by pass-
ing a stream of CO, through the storage vessei. boxuuons
properly prepared developed ouly a trace of chloride ion
even after a week at room temperaturc. The conditions
contributing to favorable behavior werc not studied thor-
oughly, but these are helieved to be important: the zinc
must be pure; it should be amalgamatcd lightly and should
be used immediately; anions other than ClO,~ should be
avoided. The solutions of chromium({1I) perchlorate were
prepared by reducing KyCr:0; with H:O;, and removing the
KC10O4 formed. These solutions were used at 0.i0 and 0.25
M, with equal success in generating and preserving Cr++

Most of the rcobaltammine compounds were prepared
by Mr. Franz A. Posey. Auy modifications of standard
procedures found helnful in their preparation will be de-
scribed in a future publication bearing his name. (NHg).Ir-
Cly was prepared from commercial iriditm chloride, by oxi-
dalnon with Cl; in the presence of NH(Cl in solution. Ferric
perchlorate was prepared from FeCls, heating the salt with
perchloric acid, and crystallizing it from this medium.

The procedure followed in the experiments was this.
The solution for reaction was inade up, omitting Cr**, in-

{1) Earlier communication, H, Taube, H. Myers and R. L. Ricb,
TH® JOoURNAL, 78, 4118 (1953).

(2) Of these ions, the most stable is CeCl1*+. The equilibrium quo-
tient (Cr X +¥)/(Cet*+#)(Cl-) in a recent careful measuremeni by
H. G. Cates and B. L. King was found to be 0.77 % 0,06 at 4.9 s sod
74°. At tbe lower temperature and jonic strength of our sxperimeots,
tbe value of the quotient would be less, perhaps by & factor of 5 or more.

(3) J.J. Linganeand R. L. Pecsok, Anal. Chem., 80, 425 (1948).
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troduced into the reaction fiask, and then left for periods of
onc-half to one hour. During this time the solution was
stirred and a stream of carbon dioxide was passed through
the reaction vessel. For experiments at the controlied tem-
perature of 2.1 = 0.2°, the vessel was surrounded by an ice-
hath. The reaction was initiated by adding the solution
containing Cr**, Any Cr** left at the end of the reaction
was oxidized using 11,0, or K3Cr;O;. Iinally, the product
solution was removed and analyzed.

Free chloride is readily separated from chloride in CrCl*++
by using Ag*. No measurable loss of bound chloridz takes
place, even at room temperature, when the opcration is
carried out in acid solution. Chloride bound in1 CrCly* is
more labile, and some loss from this complex icn takes place
when excess Ag*t is added. Tle presence of CrCly* is dem-
onstrated by the fairly rapid postclouding which takes
place after Ag+ is added and AgCl removed by filtration.
Both CrCl++ and CrCly* yield C1— rapidly to Ag* at 95—
100°. Loss to Ag* of Br~ and of I~ from chromic cem-
plexes is too rapid for a quantitative separation of free and
Lound halide by using thisreagent. In thesingle experiment
involving the distinction between free SO~ and SO~ asso-
ciated with Crt+, the free SO wus removed as BaSO,.

The extinction of Cr++* differs sufficiently from: that of
Cridl, CrfL, Cr!! <necies so that fairly accurate spectro-
photometric analvses can be made. This method was the
only one used for determining CrI*++ and CrBr** in the
presence of Cr***. The color of any Fe(lII) species
present was suppressed by adding conecentrated phosphoric
acid to the solutions for analysis. ‘The wave length region
from 750 to 600 mu was found to be most useful inn analyses,
since contributions to the optical densitv by other colured
species are rclatively least here. The absorption coef-
ficients of chromium(III) species in this wave length re-
gion are rathcer inscnsitive to fairly drastic changes in the
environment, as for example changing fromm 2 M HCIO, to
2 M HC, which occasions at most a 29, change i the values.

The notation adopted in this paper is as follows: M*
specites an aquo ion of indicated charge; the symnbol fol-
lowed by a Roman numeral is used when only the oxidation
state is specified; the symbol with a Roman numeral super-
seript, and a symbol subscript, specifies the vxidaiivn siaie,
and the identity but not the number of the associated ions.

The extinction coefficients tabulated are defined by the
equation

R cl“,log -§-°, wherecisin molesl."*andd incm.

Results

A. The Reaction of Cr*+ with Substitution-Inert Complex
Tons. Co(NH,%Cl*t.—A solution containing Co(NH:).-
Cl1++* and ClO™ was prepared from Co(NH,)Cl; by double
decomposition with the requisite amount of AgClO,. The
reaction mixture of volume 200 ml. was 0.5 M in HCIO, and
contained 2.98 millimoles of Co(NH;)Cl**. Even at 2°
the reaction with Cr+* takes place rapidly (the half-life is
only a fraction of a minute under the conditions described),
and on reaction the mixture changes from the vxolet-pmk
color of Co(NH,):Ci++ to green. “Chromous ion was used
in tlight excess to ensure complete consumption of the re-
dctant %pecxeﬂ containing complex-bound chloride. A

v eliond Ases mecend

unsnnbnun. amount of free chloride was found at the end of the
reaction, and for each mole of Co(NH,)Cl+* reduced, 0.98
mole of Cl“ was found associated with Cr(II1). The com-
plete transfer of Cl~ from Co(NH,)Clt+ to Cr++ was also
demonstrated spectrophotometncally. The spectrum of
the Cr(IIT) product ontained in the reaction agrees quantita-
tively with that of CrCl*+* prepared by an independent
method (vid~ in7a).

In another experiment, free chloride containing the radio-
active isotope CI® was present in the reaction mixture, in
molar amount twice that of Co{ N, Ci*+ and at a concen-
tration of 0.03 M. The radioactivity of the chloride at-
tached to Cr(III) zfter reaction was found to be 10 counts
per minute above background; on complete mixing cf the
chloride in the system a counting rate of 2,250 per minute
would have been observed.

Co(NH,)sBr**+.—The conditions of the rexction were the
same as those described for the chloro compiex. The reac-
tion is again very rapid, >ecmmgly more rapid than witi
Co(NH,):Cl** because no delay in the consumption of Cr+*
can be detected. In this system also, the transfer of halide
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1o the reducing agent is essentially quantitative.  This con-
clucion is based on the observations that no immerdiate pre-
cipitate forms when Ag™ iz added {o the produci solution
obtained with Co(NH.).Br(ClO.)g as reactant! (although a
gencial cluudiness begins aitnost at ouce and inereases
gradually) and that the spectinm of the product chromium
species using Co(l\*H,);Br(ClO.‘f or Co(NH,).Br; agrees
quantitatively with that of CiBr** prepared by the reac-
tion of Cr** and Bry (see Table 11I1). The color change in
the reaction of Co{NH,;);Br*+ and Cr+* is strikiug, because
the reaction is very rapid and tiiz intense green of the prod-
uct is in marked contrast to the violet-red color of the co-
baltic complex.

Co(NH,)sl *+.—The iodopentamminacobalt(II1) was in-
troduced as the perchlorate salt. The molar extinction eo-
efiicients of tke chromie product obtained on the reaction
of Co(NH;:I** in the wave length region 850-650 mu
agreed to within 2%, with the values obtained for the product
of the reaztion of Cr++ und 1. (see Table III). Owing to
the rapid release of 1~ tc Ag™*, the simple precipitaticn
test for completeness of transfer is not successful in this
systeni. Ilowever, the agrecment of the speetra noted, as
well as the observation that the spectra have a reasonable
relation te that observed for CrBrt*, testify that transfer
of iodide is also essentiully complcte. The reaction is again

ooy rapid.  The eolor of the final solution is an intense
green, but the eontrast with that of the reactant solution, an
olive green, is not as striking as for the systems previously
described.

Col NI LI =+
Luyavilg et

—The reaction of Cr** with this ion is also
rapid. Quantitative data are lacking, because the sample
of Co(NIL)F(ClO,): was not very pure. The qualitative
observation that the resultant solution is green-gray in color
shows that at least some transfer of F~ to Cr takes place.

Co(NH;):SO*.—The results of the experiments with this
ion are not as quantitative or as satisfying as those eited for
the halogeno complex ions. The source of the sulfatoion was
the salt Co( NH;)SOHSO2H;0. Barium perchiorate in
cxcess of that required to precipitate the free SO~ was
added to a solution of the suifato salt in perchioric acid.
The preeipitate was too fine to fiiter at iius siage, 55 the re-
action with Crt+ was carried out in the presenre of BaSO;
(and Ba**). After reaction, the BaSO, was filtered off,
though still with diffieulty, and the bound SO~ precipi-
tated by heating and determined as BaSQO,. The result
showed .87 mole SO~ attached per mole Cr(III) formed.
Tlie major errors are in the direction to make this a lower
limit for the extent of transfer. The result proves that the
bulk of the reaction proceeds by transfer of SO¢=, and it is
possible that essentially all of it takes this path.

Co(NH,),H,O *++.—The half-life of Cr*‘*’ in the presence
of excess Co(NI1;)I1,0+*+ at 0.02 M in 0.5 M HCIO, and
at 25° is of the order of 4 minute. The rate increases as the
coneentration of acid is lowered, and presumably paths in-
volviag both Co{WNH;)Hs3*** and Co(NH,);OH*+ oper-
ate in the acid range studied.

The reaction also was eonducted with chloride jon present
in the solution, then determining the amount attached in
the produet Cr(III). The experimental conditions were
the same as those described above, exeept that the reactant
solution was made 0.1 M in NaCl. The mole ratio of bound
chloride to Cr(111) formed was found to be less than 0.05.
Attachment of chloride to Cr(III) is not an efficient process
with Co(NH,;)H,0*** as oxidizing agent nor does there ap-
pear to be a striking catalysis of the reaetion by chloride ion.

Co(NH,)¢**+.-—The salt Co(NH;)Cl; was used for this
experiment, dissolved in 0.3 M HCI. The solubility is
strongly suppressed as echloride eoneentratwn is increased
so thal it was necessaty 0 work ai &4 iower conccntration
tevel of aeid. The reaction took place at room temperature,
about 28°., The initial eoncentration of the !uteo salt was
G. ()1 M and of Cr** 0.02 M. After 50 minutes the excess
aid an estimate made of the
resmual Co( NH;);**" by preclpltatmg it as the perchlorate,
drying and weighing. The result showed that Co(NH;)¢*++
had decreased to +5% of its iritial valie. A rough vaiue
for the 2nd order specific rate based or this experiment is
0.7 1. zmole™! min. ™!,

c15-Coen:Cly*.—The purpose of exainining the reaction
of Cr++* with this ion was to learn whether more than one

(4 The compound Co{NH I Br(ClO4)s was prepared oy Mr, Paul E.
Nessman.
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calorioe is transferred by an oxidizing agent with chlorine
atoms in c1s positions. The rate of the reaction with css-
CoenyClg* proved to be rapid. Only one atom was found
associated with Cr(IIl) per equivalent of reaction. Al-
though enough Coen,Cla* was added to be in excess of the
Cr+* (by 30%) so as to reduece the opportunity for cataly-
sis of dissociation of CrCis* by Cr+*+, the experiment must
be regarded as inconctusive on the point ot interest. A di-
rect study of the relative rates in qucstion is required, and
if necessary a compound must be used whieh offers a more
favorable rclation of these rates.

CrCly(s).—Catalysis of the dissolution of CrCly by re-
ducing agents has been referred to frequently.’ [n an ex-
periment we performed, 1.610 millimoles of CiCi was left
in contact with 100 ml. of solution 0.001 A in Cr*+* and 1
M in HCIO, at room temperature for 10 minutes. During
this time the dissolution of the s0lid was essentially com-
plete. After quenching the reaction, the chloride asso-
eiated with Cr(1I1) was determined and found to he 1.537
millimoles. This amount i comparison to the amount of
CrCl, used shows that the net change proceeds largely to
formi CrCl** as the product. The reaction was repeated
with radioaetive chloride added to the solution initially.
The radioactivity of the chleride found attached to Cr(I1I}
was measured as 90 counts per niinute above background;
for complete exchange, 1630 counts per minute would have
been observed.

CrCly*.—The souree of the dichloro eomplex ion was eotn-
niercial green chromic cliloride. Experiinents on solutions
of the salt using ion exchange resins® have shown that at
least 98% of the Cr(IIl) is initially in the form CrCls*.
The solution used was 0.0225 M in the chromium (111) salt
and I M in HCIO, Two samples of known volume were
removed at intervals, the Cr*+ was then added, and addi-
tional samples were taken.  The results of this experiment,
performed at rooin temperature, are recorded in Table I.

TaBLg I
Tue Reacrion op CrClet ann Crt+
Sample no. 1 2 3° 4 5
Time,? min. 7 32 32 48 57
Fraction Ci— left
on Cr{Il1) 0.625 0.589 0.331 0.332 0.326

o Cr**added at time = 4] min.; (Crt*) = 2.5 X 103
M. ?® Measured from the time of dissolution.

The experiment wus repeated, but at 2° and with (Cr
at 2.3 X 107t M. The record of this experiment is pre-
sented in Table II.

+ 43
/

TasBLE 1]
THE ReacTioN oF CrCl;* Ann Crt+
Sample no. i 2 3
Time after Cr** added, min, 0.4 1.5 10.0
Fraction C1~ left® on Cr(I11) 0.436 0.338 0.334

o The fraetion bound to Cr(I11) 5 min. after dissolutivii
was 0.622. The defect from the theoretieal value for CrCls*
of 0.667 may be caused by the direet attack of Ag*.

Both experiments show that Ci** tukes CrCle?* rapidly
to the stage CrCl*+, and that further change is very much
slower. The second experiment permits a rough cstimate
of'thel specific rate at. 2° as of the order of 10* 1. mole™
min.1,

The reaction of Cr** and CrCly* was also carried out
with radioactive chloride added to the solution. A small
but definite fraction of the associated chloride reaches radio-
active equilibrium during the reaction. The counting rate
of the associated chloride was found to be 73 per minute
above background; for complete exehange 2180 per minute
would have been expected. Separate experiments showed
that the pick-up of radioactivity was not caused by ex-
change of CrCls* or CiCl*+ with C1*~, nor by the quench-
ing procedure. The latter process involving siight addition
of CI~ to Cr** on oxidation by HsQs accounts for orly a
couuting rate of 10 per minute above background. In an

(5) R. Abegg and Fr. Auerbach, “Handbuch de¢r anorgamischen
Chemie,” Yoi. 4, Verlag von S. Hirze!l, Leipzig, 1821, p. 78.
%) ¥. L. King, private communication.
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additional experiment, in which the concentration of chio-
ride was doubled, the fraction exchanged was little altered.

Because CrCl++ appears as a well defined stage in the re-
‘utlun of Crtt a.nd CrClst, and because only a relegively
stieedl amousit of Ce+t is tieeded, ilie reaciton is a 500'1 one
for developing CrCI** alinost free from other Cr{III)
species. Figure 2 shows the values of the molar extinction
coefficients of CrCl*+ prepared by this method. Those
obtained for CrCl*+ prepared by the 1caction of Co( NH;)s-
Cl** ard Cr** differ by less than 19, in the wave lcngth
region 700 to 625 mu.

CrIy(s).—This compound, as anhydrous salt, was fur-
nished through courtesy of Dr. Maurice Griffel, Iowa State
University. The rate of dissolution by water is very slow
but with a trace of Cr+* present, the reaction is much more
rapid and produces an intense green color in the solution.
This color is undoubtedly caused by a chromium(IIT)-
iodide complex ion, and the behavior of the system is pre-
sumably like that of CrCl; with Cr*+. The complex is
rapidly aquotized when the solution is warmed.

AuCly~.—The work of Rich and Taube? shows that tetra-
chloroaurate jon undergoes substitution by H;O and Cl1~
measurably slowly. The reaction with Cr++ was con-
ducted at 2° i1 a solution 0.5 M in HCIQ,, and containing
AuCl~ in excess of that required for the oxidation of Cr++.
The product =olution was green, but discolored by what wos
apparently convidal gold. Excess FFet*t was added to re-
duce Au complexes to Au, and the free chloride was reinoved
as AgCl. Analysis cf the resulting solution showed 1.00
mole of bound C1~ for each mole of Cr*+ oxidized.

Fe(CN)¢™.—No quantitative observations were made on
the reaction, but the qualitative observaticns are sufficiently
striking to be worthy of record. On adding an exactly
cquivalent amount of Cr++* to a solution 0.005 M in X,Fe-
(C\). (and 0.01 M Jgn HCIQ,), an olive-brown precipitate
formed at onee and then persisted for days without apparent
change. The system of the same stoichiometry arrived at
by mixing Cr(H.0)s*+ * and Fe(CN)y==is entirely different.
No c¢bvious change takes place on mixing the two ions, and
the oniy changes noted after a time are ilose resulting fiom
the gradual decomposition and discoloration of the Fe-
(CN)s~=in the air-saturated, faintly acid solution.

IrCls~.—The reduction of IrCle~ by Cr*+ takes place ex-
tremely rapidly, and the end-point is easily recognizable be-
cause IrCL~ has an intense reddish-brown color, very much
more intense than that of the products. If the reaction
takes place at 2°, and if Cr** is added rapidly, the initial
product is observed to be green in color. This color is
quickly lost, and the solution then changes to a drab olive-
brown shade. An attempt was made to follow thc sccond
color change spectrophotometrically. By the time of the
first reading, 2 minutes after mixing, the change was almost
complete, but the residual change registered suggests a half-
time of ca. 0.5 min. for the second color change. The con-
stitution of thc final solution appears to be settled by the
following observations. The extinction is the same as that
of a solution made by mixing Cr(H,O)s**+ and IrCl™
(this ior was generated by reducing IrCly™ with Snt++).
It is certain that little formation of inner sphere complex
ions takes place when Cr(H:0)s**+ and IrCly™ are mixed,
because the color adjusts to the final shade immediately on
mixing, and, more convincingiy, because the extinction in
tlie range 650 mu to 400 my is, except for minor variations,
that calculated by adding the contributions for Cr(H.O)¥++
and IrClg™. Some association of the oppositely charged
species does take place, for Cr(H O)st ¥+ is extracted some-
what less efficiently by a resin when IrCls™ is present in the
solution, but the product of the association is presumably
an outer sphere complex ion.

B. Reactions with Halogens.—The 1esults of the experi-
ments on oxidaticu of Cr* ¥ with halogens are related to the
work reported here, because in the cases of Br; and I, the
direct reactions are convenient wuys of generating 1:1
chromic-halide complexes. 7The conditions provided for
the reactions were: temperature 2°, (HCIO,) 1 M, no hal-
ide present initially (except in the case of I3), Cr*+ added
to a solution containing the haloger in excess. Excess Cly
or Brs was removed by a stream of air, and excess I: in
prevaralion for specltrophotoineinic ineasureinents was re-
duced with SO,.

With Cls as reactant, free C1™ is found in the solution at

(7) R.1. Richand H. Taube, J. Phys, Chem., 88, 1 (1054).
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the end of the reaction, and only 759, of the chloride is left
in association with Cr(1I1). The product solution obtained
with Br; as the oxidizing agent conitains practically no free
bromide when tested immediately after the reaction.  Evi-
dently transfer of brumine to chiromium is comnplete on re-
action. The direct test for complete tiansfer fails in the
Cr*%-1; reaction, but the less direct evidence tending to
this conclusion already mentioned seems sufficient ic 2s-
tablish it.

The rates of aquotization of CrCl++and CrBr*+in strong
acid are slow enough so that the extinctions can be measurecl
without difficulty in a cell compartinent at roomn tempcera-
ture. With CrI**, a correction must be applied for the
change of extinction with time.

The ions CrBr*++* and Crl ++ have not been preparcd pre-
viously, substantially free from other Cr(IIl) ion species.
Their extinction coefficients are recorded in Table III.
CrBr** shows two distinct peaks in the visible regior, as is
characteristic of most simple complex ions of Co(III) and
Cr(III).* The strong absorption in the ultraviolct shown
by Cr(H:0)s**+ moves progressively toward longer wave
lengths in the series Cr(H.0):H.O**+, Cr(I,0),Cl*+,

. .y Cr(H:0),I+*, and for the lust nained ion obscures the
second peak in the visible region.

Tapre II1

ExrincTioNn CoeErFICIENTS OF CrBr*+ Anp Crl*+
Medium, 0.5 A HCIO,, temp. 25°

CrBr** from Cr1** from

Ned + _!,. CrGQ ﬂ*.
Co(NHj)s- Co{NHj)-
Cr** + Bn £ Crt* + i 1+

750 0.8 0.9 3.7 3.7
700 6.2 6.2 19.9 19.8
675 11.3 11.5 30.6 30.1
650 17.1 17.2 35.7 35.4
625 10.9° 20.1 34.1°

600 18.2 2V.7

580 14.0 16.5

560 9.8 10.3

540 6.0 6.4

520 4.2 5.9

500 4.8 9.9

480 9.6 28.5

460 16.6 32.1¢

440 22 .2° 44.5

420 20.6 75

400 13.4

380 5.7

360 2.4

340 5.3

320 25.4
a Max. at 622, « = 19.9. ®»Mux. at 432, a« = Z2.4i.

¢ Max.at 644, @ = 40.0. ¢ Max.

€. Reculte with Labile Complex Ions as Oxi-
dizing Agents.—Table IV contains most of the
data obtained on the formation of Cr(III)-Cl-
complexes in the oxidation of Cr*+ by Fe(III) in
the presence of chloride ion.

For a sysiem in which paths described by the rate laws:
E(Fe*t++3{Cr*t), ku(Fe++*)(Cr++)/(H +), kor(Fe*++)
(Cr+*)C17) compete, in which only the k¢~ term contrib-
utss to the formation of CrCl+*+, and all the Cr+* reacting
by this activated complex does form CrCl*+, the relation

Cr* ku
CC1+% (Cl A kcr + ka-(H )

must hold. In this relation, (Cr*++)/(CrCl*+) is the ratio
of Cr(I11) not converted to CrCl++, compared to that which
is, and (Cl1~) represents the free chloride concentration.
The data ir. Table IV show that the function on the left is
alrmost constart aver an eightfold range in (Ci~), but docs

at 475, @ = 32.3.

(8) M. Linhard and M. Weigel, 2.
(1951).

anorg. aligem. Chem., 266, 49



‘TABLE 1V
Ture Formation op CrZ1¥+ in 1iie Oxipation oy Crt @ sy
Fe(111) IN 'rur. PRESENCE oF C1~
Temp. 2° u = 2.2
Av. o Seeer ettt ()

(H*) (C17): (Ci-)s CrCi** ~ crCl** Metitud
0.565  0.0250 0.0233 3.90 0.091 Spec.

.565 .0500 .0467 i.90 .089 Spec.

LBAS .1000 .0947 0.91 .086 Spec.

.568 1000 .0926 0.93 .085 Grav.
2.06 .0125 .0115 4.00 .0460 Spec.
2.06 .0500 .0455 1.06 .0483 Spee.
2.06 .1000 .094 0.50 L0472 Spec.
2.06 .0250 .0222 2.28 .0434 Grav.
2.06 0500 .0449 1.04 L0467 Grav.
2 06 . 1000 .0927 0.49 .0455 Grav.

s Corrected for change in volume on addition of Cr*+
(2% in the spectrophotometric experiments, 4% in the gravi-
metric), for the consumption of C1- by formation of CrCl1++,
and for eonsumption by association with Fe**+, The valye
of the equilibrium quotiert (FeCl*+)/(Fe+*+)(C1™) =
Krpocr++ under the present conditions was estimated as 1.7
by rcference to the work of Rabinowitch and Stockmayer.?

change slightly, in the direction (hat at high (C!~), somc-
wiiat too nuch bound Cl- is formmed. Figure i, which -
cludes also data at intermediate (d*) not reported in Table
1V, shows that the variation of tke functicn (Cr+*++)(Ci—)/
(CrC1+*) with (H*) follows the requirenients of equatien 1.

Il L] .

0.10
"
x
O
5
O
=
v
+
+ 0.05
&

-l 1 A
28 1.0 1.6
1(HH).
Fig. 1.—The efficiency of addition of chloride to chro-
mium as a function of aeidity: open circles, spectrephoto-
metric data; solid circles, gravimetric data.

Experiments were also performed in media at higher con-
centrations of chloride ion, made up by replacing HC10, by
HCl. Only the spectraphotometric method of analysis
was used because the separation of free cliloride from bound
chloride with Ag* becomes inconvenient at high chloride
concentration. Figure 2 shows ihe molar extinction co-
efficients for the product of the oxidation at the highest
chloride concentration studied, 2 M, eonpared to the molar
extinctions for CrCl.* and CiCi+*, Applving the law
for the variation of Cr**++/CiCl** with (C1™) established
at lower chleride concerevation, it follows that less than
297, of the Cr*+ is converted 1o Cr{H;0)%+*++in 2 M Cl—, so

(9) E. Rabinowitch and W. H. Stockmayer, THIS JoURNAL, 64,
335 (1942).

ELECTRON TkanN3riR REacrion: Brincep Activatebd CompLEX

2107

thet only the distribution of Cr(111) between CrClY+ ane
CrCCi,* need Le considercd.  From the relation of the ex-
tinctions for the product compared to that for CrCl*+, it
is evilent that some spccies besides this ion is formed.
However, the extinctions observed cannot be accounted for
quantiweiively by combining the CrCl++ and CrCla* curves,
and apparentiy the additional speeies differs from the CiCly*
obtained frem ordinary solid green: chiromic chloride.

T : T v —r T T =5
25 t 1

15T

5
500 550 600 650 70G
A, mpu.
Fig. 2.—Comparisen of the spectrum of the speeies

Crii- produced in 2 M HC1 with that of CrC1++ (broken
line) and CrCl,* (solid line).

In another experiment Cr*+ (0.25 millinoic) wasadded to
200 ml. of solntion 0.0040 M in CrCly*, 0.01 M in Fe(III)
and 1 M in HCI, at 2°, The extinction of the final sclution
wus slightly lecc than that obtained by adding the extinc-
tions of the product obiainad in the abszence of CrCl.* to
that of CrCl;*, and could be accounted lor by assuming a
slight net dissociation of CrCl;* to the extent of 3.99;,. The
experiment proves that under the usual experimental eon-
ditions (higher Fe(111) and relatively much less CrCl;+ than
in the test experiment), the consunption of Cr*+ by Fe-
(I1I) is rapid enough so that any CrCl;* would be largely
preserved. This conelusion may not apply, however, to
CrCla* of the kind developed by the veaction with Fe#*+
4 Cl1-, although a large difference in the rate of reaction
with Cr** would not be expected for the two forms. The
present experiment further leads to the conclusion that the
specific rate for the rcaction of Cr** with Felll in 1 M
HCQl is four times that with CrCl,*. :

The account of experiments performed on the reaction of
Cr++and Fe*++* with Br— present appears in Table V.

TABLE V

THE ForMaTION OF CrBr** By THE REACTION OF I'e *** AND
Cr** IN THE PRESENCE OF Br~
Temp. 2.1¢; u = 2.2; (Fe(ill)), 0.020 M

oty L G
(HY) (Br") CrBr+* CrBr*+
0.582 0.0736 3.92 0.289
0.563 .221 1.31 .289
1.055 .221 0.805 .182
2.07 .0242 4.10 .099
2.07 L0730 1.455 .106
2.07 .221 0,484 .107

A feature of interestis that (Cr+++)}(Br-)/(CrBr**)iscon-
stant as (Br~) varies, thus a relation of the type of equation
1 describes the dependence cf the yield of complex halide on
halide eoncentration in this system also. The general form
of the variation of the yield of CrBr*+ with (H*) is that re-
quired by equation 1. However, an important require-
ment of equation 1 is not satisfied by the data for Br~ and
Cl- taken together. The ratio of siope to intercept in
graphs of the type of Fig. 1 should be the sume for both.
While the data tor Br— are not very extensive, they are suffi-
cient to show itiat this condition is nat fulfilled. The data
in the chloride system are complete enough ‘o establish
eqation 1 as a deseription of them, and evidently in the
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bromide systera some additional factor enters. The quali-
tative behavior of the bromide <vstem is that the nath
Fet++ 4 Cr*+is suppressed relative to Fet++ 4+ Cr++ 4
Ol -, A deviation of this type would be observed if a rate
term kgp(Fe**+3{Crt*}(H*YBr-} contribites to the
formation of CrBr*+, Equation 1 then becomes
Cr+++ o o R+ kmm
Grers (Br) = e~

1 E(HM) 4 ku ]

(q*) Lkas(H*) + kpr-

1i, by coincidence, the ratio k1/ka = kEmsn/ke~, the inter-
cept in a piot such as Fig. 1 would disappear. The ad hoc
interpretation advanced does not seem particularly attrac-
tive in the chemistry it implies, and a more detailed study
of the system is required to make it convincing, or to reveal
the true cause of the discrepancy.

A study of the type described for C1~ and Br~ as *‘cata-
lysts’’ was not made with F-, for lack of a simple means of
analyzing the products. A scries of experiments wus per-
formed with F~ and Cl- present together, observing the
success of F~ in winning chromium from the path kg-
(Cr++)(Fet++)(C1-). A decrease in the yield of CrCl*+
when P is present does not prove that the competing path
produces CrF++, but this conclusion may be inferred by
analogy with the Cl~ and Br~ systems, and with the be-
havior of the (NH:)CoX** ions. It can be inferred more
directly from the observation thiat the product chreormiou:
solution has a marked green color, even when as at higi
concentration of HF the formation of CrCl++* is slight.

The results of the experiments with Cl1~ and F~ present
simultaneously are shown in Table VI.

TABLE VI

ErrECT OF F~ ON THE FORMATION OF CrCl++t
Temp. 2.1°, u = 2.2; (NaCljo = 0.100 M, (Fe(ClO)o =

0.0215 M; (HClO4)y = 2.06 M; added 2.02 meq. Crt+;
volumc 200 ml.

(Crtss |

(Cr"‘-}— ‘Crpwb)
HF CrF*Y) CeCT*9)
added (CrC1+ %) (C17) (HF)e
0.00760 1.09 0.105 0.00295 .
.0152 1.75 . 169 .00683
.0304 3.30 .332 .01695

s Calculated assuming (FeF+*+)(H+)/(Fet*+)(HF) =
Kgt yor++ = 175, (FeCl*¥)/(Fet++)(Cl-) = 1.7 under
the experimental conditions. In the absence of data on
the variation of Kn* pep~ with u, the value at p = 0.5
was used'?; a correctiorn was applied for the change in tem-
perature, following Hudis and Wahi.?

For a reaction in which the formation of CrCi++ com-
petes with the formation of the aquo ion and of the fluoro
ion,!? the relation expressed by equation 2 follows

(Cr++ + CrF+4)(C17) _ A + knp(HF) @)
(CrC1*H) kor- ke

In equation 2, k, describes the combined Fe*+*+* and Fe-
OH ** paths, and kyy refers to the path expressed by the
rate law &pe(Fet++)(Ce+*)(HF). When the function on
the left is plotted against (HF}, the data are observed to con-
1orm fairly well to a straight line plot. There seems to be
no reason to question the validity of equation 2, but the
choice of the values for the equilibrium quotients used in
calculating the free HF concentration may be in ccusider-
able error. A smaller value for the quotient Kg*,por+
would improve the agreement of the data.

D. Other Systems.—The reaction of Fet++ and I-
is so rapid that a study of the formaticn of Crl++ by the
reaction of Fet ** with Cr+* in the presence of 1~ is made
very difficult. Ceric ion i excess oxidizes Crt+ to CryOr~.

The reaction of Cr++* with oxidizing agents which offer
a 2e~ cxidation as the initial attack on Cr++ bave an interest

(10) H, W. Dodgen and G. . Rollefson, Tsis Journar, 71, 2600
(1049,

(11) J. Hudis and A. C. Wakl, ibid., T8, 4153 (1953).

(12) If Buoride ion does not add, but merely catalyzes the reaction
to form: Cr***+, the rilation is left unaltered on the right and on the left
Cr(111) is shown distributed hetweea Cr*** and CrC1++,
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separate from that which guided the work reported here,
and will be reported separately.

Discussion

The observations on the reaction of Co(NII,)s-
Cl++ with Cr++ yield the most dcfinite formulation
of the activated complex. It must havc an a:-
rangement of the reactant molecules that permits
the transfer of chlorine from cobalt to chromium
without allowing it to exchange with the soiution.
In effect, therefore, chlorine must make a bond
both with cobalt and chroraium in the activated
complex, as

[(NH;)sCO. XL .Cl’]'“

The efficient transfer of eclectroncgative groups
which is observed with the other substitution-inert
oxidizing agents makes it likely that a sunilar type
of activated complex provides the reaction path in
these systems also.

Direct atom transfer, involving again an atom
bridge activated complex, is the most reascnable
explanation of the observaticns on thce catalysis by
Cr++ of the dissociation of CrCl;, Crl; and CrCizt.
The reactions for the two typecs of species may be
represented as

Cr*Cl; + Cr**t —> Cr*++ 4 2C1~ 4 GiCi++
Cr*Cly* ++ Cr** —> Cr*** 4 C1~ 4 CrCl*++

From this formulation it is immediatcly clear why
the systcms persist in tlie well defined stage CrCl+H
(CrI*+), and why little exchange with Cl— in
solution is observed during the rcactions. Al-
though reaction may continue involving chiorinc
transfer between Crt+ and CrCl*++, this process
does not affect the stoichiometry and can only be
detected by using radioactive chromium as a tracer.
The results obtained with the complex cobalit
cations showing that attack on Cl is more rapid
than on H,O are preparation for the conclusion
that the process
(H20)%Cr*Cl*++ 4 Cr++ —»>

Cr*++ 4+ ClI™ 4 Cr(H;0)* ++

will prove to be much slowcr than
(H,O)%CrCl1+* 4 Cr*3+ —= Crt+ 4 (H,0),Cr*Cl++

The description of the activated complex has
stressed the feature of the transfer of an electro-
negative group in the reactions which werc in-
vestigated. This emphasis is made only because
-he observation of the transfer provides the basis
for the conclusions aboui i activated complex
which were reached, and is not mcant to imply
that net atom transfer is an essential part of the
electron transfer proeess. The essential featurc is
rather that an appropriate bridge provides a more
accessible pass for the flow of clectrons than does
the proton coordination sphere of an ammonated
or aquated cation. Whether net transfer of an
electronegative group from oxidizing agent to
reducing agent takes place depends on the relative
substitution lability of thc two reactants, and also
on the relative substitution lability of thc ions left
sharing the bndge atom after electron transfer.
There is no simple relation between net atom trans-
fer and electron transfer for reactions invoiving uct
chemical change. When cobalt(1IT) complexes
reaet with Crt, thev bring the bridging group
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inte the activated complex because they accept
substitution less readily than does Crt+. After
electren  transfer, Co(II) and Cs{{II) are left
sharing tbe bridging group. The shared group is
then expected to leave with Cr(III) when the
bridge complex is dissociated because Co(II)
complexes are known to be more substitution- lahnlp
than those of Cr(III). Similarly, when Fel'm,o
and Cr(II7) share a bridging group, this is expecied
to remain associated with Cr(III) on dissociation
of the complex. The reaction of Cr*+ and Fe-
(CN)¢™ is apparently one in which there is no net
transfer, but the bridge with CN~ persists in the
insoluble product. Fe(II) forms inner orbital
complexes with CN~ which are substitution-inzrt
hence the system containing the insoluble product,
and the one of the samc stoichiometry arrived at by
mixing Cr(F0O)¢t++ and Fe(CN)g™ are slow to

reach the comon equilibriuin state. The be-
havior of the system Crt+ + Fe(CN),™ is inter-

G thelsyrstem (G cIEXS
mediate between (,o(NH[;)QU*—(,r‘“+ and Crt+-
irCig~. In the one mentioned last, there is no net
transier of chiorine to the reducing agent. it s
likcly, however, that the intermediate green sub-
stance which is observed is the bridge complex
(H.0)sCrClIrCl;.  Complexes of Ir(III) are rela-
tively inerv to substitution, and when the coniplex
is disrupted. the hridging Cl remains with Ir(III)
rather than with Cr(iII). These considerations
suggest that a system could be selected in which
an electronegative atom is transferred from reduc-
tant 1o oxidant on reaction. They furthermorc
suggest that when a bridged activated complex
provides the path for electron exchange in a systein
in which there is no net chemical changc (as for
example in electrcn exchange between Fet+ and
Fet+++), some transfer of the shared group will
always accompany electron transfer. The ion
with the charge and electron structure which
confers the lower lability will, in the majority of
events, take the bridging group into the activated
cemplex, aund later out of it. When the electron
is transferred, the relative substitution labilities
of the ions sharing the bridge are reversed. This
point of view inakes no prescription as to the
direction of atom transfer compared to that of
electron transfer. The relation depends on the
substitution lability of thie reduced form compared
to the oxidized form; the lability to substitution of
the oxidized form is not necessarily less than that of
the reduced form.

The process of electron transfer through bridging
atoms in crystalline solids has been discussed by
Zener.}*»'* Presumably the role of the bridging
atomns for the complexes in solution under dis-
cussion ;s the same, their role being to absorb and
deliver Uie election Uausfvucd. The iales uf
reaction with Cr** increase in the order Co-
(?JH,),+++, CC(NH3)5I120+++, CO(NH3)5C1++, Co-
(NH;);Br++. It should be noted that in each of
the icns except Co(NHg)et*+ a pair of clectrowns
is available on the bndgmg group for mteractlon

P P o e
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(13) C. Zener, Phys. Re-., 83, 493 (1951).

{14) The author (I1.T.) is gratelul to Dr. Sol. Welle- for bringing the
paner of ref. i3 to his attention.
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Co(NH;)s7*+ is not known, whethicr by electron
transfer through the proton coordination shell,'®
or by interaction of Cr*+ with a pair of electrons
left unshared when the ion loses a proton. There
is also a questioii about the ‘‘bridge’ mechanism
with Co(INH;)H,Ot++ as oxidizing agent, but this
will be rewolved by oxygen tracer experiments in

r)rnmncc
Unisoo.

The experiment with Co(NH;)H,O*+++ oxidiz-
ing Cr+* in the presence of chloride ion suggesis
that specific catalysis of electron transfer by nega-
tive ions depends largely on their ability to serve
as bridges. An activated complex involving Cl—
as a bridge between Co(1I1) and Cr*+ is not readily
accessible in this system, owing to the reluctance
of the Co(I1I) complex ion to undergo substitution.
A slight addition of C1~ to chromiwn was observed,
howevcr, so tliat some mode of action besides serv-
ing as a bridge must be opcn tfor the negatlw ion.

+L. ale Vo b
AAL l;u:olbnln\.y i3a }/a\.u lu Wil cieCtron tiad lalLl lll

I e
| {INTL 3}3\,0\}\.[\112\})” ‘ .
a r‘nmplr\v such ag 1 c ynnum

mated by Ci- subsiitution on chromlum
In the foregoing it has been assumed that the
reactions discu:ssed involve le~ changes. There isno
directevidencesupporting this assunption, but there
is a powerful arguinent against the assuinption of a
2e~ change. A 2e~ change would form the highlv
unstable intermediate products Cr(IV) and Co(I) ,
with Co(III) as oxidizing agent and Cr{IV) and
Fe(I) with Fe(III), and is hlghh unlikely energeti-
cally. Some additional evidence supporting le~
transfer is comparison with the behavior of systems
in which the oxidizing agent is capable of producing
a 2e~ change. The difference betwcen the re-
action of Cr++ with Cl; on the one hand and Cr*++
with Br, or {; on the other may he that with Cl,
the reaction proceeds at least in part by a primary
2¢~ change in Cr*+
Cr** 4+ Clp —> CrC1H++ 4+ (-
CrCl+++ > Cr(IV) + Cl1- (equil.)

C1-
Cr*+ 4 Cr{lV) —> Crt++and CrCl++

while with the less powerful oxidizing agents Bi,'®
and I, only the le~ path, which adds halide efh-
ciently, takes place
Cr*+t 4 X, —> CrX+t 4+ X
Crt+ 4+ X —> CrX '!

A priunary 2e~ attack on Cr*+ does not pecessarily
result in complete transfer; the stage Cr(IV) is
probably substitution-labile, and, furthermore,
mixed products are to be expected in the reaction
of Crt+ and Cr(IV). In view of experiments’
on the exchange between AuCl,~ and Cl- induced
by Tedt, it i likely that the primary attack of
Cr*+on AuCls~is also a le~ change.

The results obtained with the {abile oxicdhzing
systems Fet++ 4+ X~ show that with F—, C1~ or
27~ present p.ilis involving these ions compete

(15) The analogous system Co(en)s**-Co(ends*** studied by
W, B, Lewie, C. D, Corvell and ¥, W, Irwine, J. Chem Sor 38R
(1949), appears to be a clear-cut example of electron transfer not in-
volving direct atom bridges.

(16) P. R. Curter ard N. Duvidson (J. Phys. Chem., 68, 877 (i5521)

freve poven a le = pritnary process for the reaction of Fe* - and e
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efhciently with the aquo and hvdroxy puths. They
have ulso shown, at least with Br— and Cl-, that
participation of the halide ion leads to formation
of C1X++*. One structural feature of the activated
comyp, ex is therefore made defin:te; thisis that X -
makes bonds to chromium in it. The question
of whether the halide :iso 1makes a bond to Fe+++
is not so definitely settled. We can infer with some
confidence that 1t does, fron: the observations with
the substitution-inert complex icns and from
the observation that Cl- does not catalyze the
reaction of Co{NH;);H{,0+++ + Cr*++ appreci-
ably but does have a strong ecffect on Fet++ -
Cr*+. The essential difference between the two
oxidizing agents is that Fe*++ accepts substitution
in the first sphere much more readily, and therefore
can make use of Cl~asa bridging group.

‘The data also lead to the conclusion that there
is no important path for catalysis by Cl— or Br—
which does not 1volve the formation of a halide-
chromimn bond in the activated comnplex. A
plausible uctivated complex for such a path would be
aine i wineln Cr 7 allocks FeXly' al a water mole-
cule rather than at X. If such a path did contiib-
ute, Cr(II) would not be couverted completely to
CrX*+* even at high halide but would be dis-
tributed between Cr+4+ and CrX++ n the ratio
of the halide-catalyzed, non-addition and halide-
catalyzed, haiide-addition rates. The effect on
rate law 1 would be to add a halide-dependent term
in the nuinerator on the right-hand side. In the
case of Br-, the rclation is particularly free fromn
the inflnence of terms in tlie denominator higher
than first power in halide, whiech might obscure
the point at issue, aund show that the halide-
dependent non-addition path can be at most 5%
of the halide addition path. Although terins of
higher order do appear in describing the dependence
of yield of CrCl++ on chloride concentration, thus
making it more difticult to assess the importance of
an hailide-dependent, non-addition path, in this
system the path in question must also be a minor
one. The results with the substitution-inert oxi-
dizing agents also suggest the conclusion that an
oxidizing agent offering both C1- and H.O as point
of attack for Cr*+ is tnuch more vulucrable at the
halide group.

1t is not clear from the data what products result
front the processes correspondine to the higher
order terms meniioned for Ci |, whether, for ex-
ample, a termn kci{Fe+ +4)(C17)*(Cr*++) corre-
sponds to the formation of CrCl.* alone or of both
CrCl~* and CrCL*. A four-membered ring with
two bridging atoms would seemn to be a favorabie
arrangement for an activated eomplex containing
twn chlorides, and on this basts any CrCl,* formed
would have the c¢is arrangenient. It is possible
that the difference between CrCl;t formed by
oxidizing Crt+ in strong C1— meditn and that ob-
tained by dissolving green chromic chloride is
that one is the cis isomer and the other the trans.

In Table VII are entered the relative rates at
which Cr*+ reacts with varions Fe(IT1) species.
These relative rates have heen calculated as implied
by equations 1 and 2 frem the data of Fig. | and
Tables V and V1, and depend on the valuzs for
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equilibrium  quotients Kgecrer  and  Kpeper+
cited earlier, as well as the quoticnts Rypepets =
(FeBr++)/(F°+++)(Br ) < 003, Kreom++a1+ =
0.45 X 1073, The estimate of the upper limit for
Krepes+ is based on unpublished work!?” which
places an upper lindt of 0.1 at ¢ = 2 and 25°, and
sm the temperature dependence establiched by
Rabinowitch and Stockmayer.? The hydrolysis
quotient'® of Fet++ is calculated from the value of
2.5 X 103 for p = 2 and 25°. using the temperature
coeffieient measured by Rubinowitch and Stock-
mayer. Table VII also eontains the relative rates
of eclectront exchange between Fet* and vaiious
Fe(III) species calculated from a eompilation of
Hudis and Wahl!!, based on their work, that of
Silverman and Dodson' and Gryder and Daod-
son. 2
Tapui V11
RELATIVE Rates of ReacrioN or Cr** switn Fe(lifh
SPECIES, AND OF LUECTRON LEXCHANGE BETWEEN Fc™7
AND Fe(IIl) Srecizs

Relative r:nl(‘s‘;h

or v

(at 2°, 4 = 2.2) (at 0°, 4 = 0.3)
Fet e+ 1 1
FelF++ 3 11.1
FeCltt 18 L 3 5 |
TFeBrt+*+ >100 ois
FeOH++ 2.8 X 10 1.16 X 10¢

-

e Estimated from the *‘slope’” when the data of Table
V are plotted as in Fig. 1.

Accepting the conclusion that the activated
complexes involve bridging atoms, the results
show the rate of clectron transfer from Cr** to
Fe(IIl) e mplexes to dccrcasc in order with thc
groups OH-, Br-, Cl-, H.O in the bridges.
Thus, as for the complcxes of Co(III), it appears
that a factor other than the distance of approach
permitted by the bridge atoms is important in
determining the relative rates.

Care must be exercised in drawing conclusions
from an array of relative rates such as that shown
in Table VII. Since for the systems referred to,
equilibrium with respect to complex ion formation
is established rapidly, the experimental results yield
only the composition of the activated compiex, and
contain no imgplication as to the way the activated
complex iz furmed Table VII shows what the

the rates in terms of the speeies rcpresentcd The
choice Crt+t 4+ Fet++, CrFt 4 Fet++, ..
CrOH+ 4 Fettt, equally consistent with the
rate law, might yield a quite different order for the
efficiency of the bridging groups. When the re-
actants Crt+ 4+ F— 4+ Fe*++* Crtt + ClI- +
Fe+++, etc., are chosen as the basis for comparison,
fluuride appears as the most efficient of the halide
ions. If the object is to eliminate [rom considera-
tion the diiferent tendenecies of the ions to associ-
ate with the eations and to limit the discussion Lo
the relative rates of electron transfer in the com-

(17) A. S. Wilson, PE.D. Dissertation, Univ, of Chicaze, 1950.

(18) A.S. Wilson and 1. Taube. Tura Touansr, T4, 3509 (1952).

(19) J. Silverman and R. W. Dodson, J. Phys. Chem., &6, §i6
(1952),

{20y J. W. Gryder and R.
(1951).

W. Dodson, Tis Jour~ar, 78, 2890
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plexes {CrXFe]+*4, it is necessary to comparc the
rates at unit concentration of these species. The
data on stahbilities to make this coinparison possible
do not exist. It might be supposed, iowever, that
the complexes would oe enough rore stablc with
F- than Cl- to reveal a higher specific rate of
electron transfer in the chioride bridge complex.

The relative rates shown in Table V11 are useful
in making comparisons without inquiring into their
meaning. The similarity of the relative rates in
the two columns suggests that the activated coin-
plex involved when Fe++ and TFe{lIl) complexes
exchange electrons is of the sume type as that for
the reaction of Cr++ with Fe(III) complexes.
Comparison of the activation energies observed
for electron exchange between Fe** and TFe(III)
complexes with that of substitution on Fc*+ or
Fet++ 2 shows that the rate-dctermining act is
not the substitution to form the bridged activated
complex. Thc energy values are compatible with
the assumption that a bridged chemical complex
formed as an cquilibrium process having AH°
lower than the aciivation encroy for suhatituting
Tf, as seems likcly, AH® is positive the activation
encrgy for electron transfer in the bridged complex
mnust be simall.  The low rate for electron transfer
in the bridged complex as compared to dissociation
of the complex must then be a matter of a much
lower temperaturc-independent factor, t.e., a rela-
tively specific relation of the positions of a large
number of atoms is required to mnake the electron
transfer possible.

A condition for a bridged activated complex to
provide a more favorable pass for clectron transfer

(21) ¥. Bjerrum and K. R. Poulson, Nalure, 169, 463 (1952), have
measared ~13 keal. as the activatior energy for substitution by CNS

of shlvent on Fet+*,  If the activation energy for substitution on Fe ¢ *+
is similar to that on Ni** and Co**, it is even higher than 13 keal.
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than some other process ts that at least onc of the
partners be able to underge a substitution process
readily. Thus although (NH;);CoH,O*% * is inert
to substitution, Cr*"* is labile so that the bnidge
H +&

(N}I—\-f“ﬂf_‘f‘— cain sl ])iU\'idc o

comnlex
path for electron exclange. A bridge other than
that involving H.Q i GH " 1s not rcadily accessible,
however, because this would require substitution
on Co(iIl}. On the basis of present information,
oite cannot be certain that such a substitution way
not take placc under some labilizing finence of
the other reactaut, but neither are there anv ob-
servations which suggest such an influence. Com-
mon cations which are fairly labile to substitution®?
and for which bridged activated complexes minst be
considercd for oxidation-reduction or clectron
cxchange reactions in water involving them are:
Tat+, Titee TV Vs, U+ RV VIV,
Crt+, Cr(IV) (?), Mn**, Mnt++, Fett, Fet++,
Co*+, (Cody' ! possiblv), Cu*, Cut*, Ag*, Agr+,
Bu*?, Byt ', Cetrr, eIV, T, T+ i
s achmitted that not all electron trausfer reactions
involve such dircct atvin bridges.  When both part-
ners are substitution-inert and have the coérdina-
tion spheres hlocked, other types of activated
complexes are almost certainly invoived.

The authors are grateful to Mr. Franz A. Poscy,
whose skill and diligence in preparing many of the
substances used greativ furthered the rescarch.
We are also grateful to Dr. E. T.. King {or valuable
discussion of the work, and to ihie Oflice of Naval
Rescarch for financial support (Contract NG-Ori-
02026).

(22) H. Taube, Chem. Revs.. 50, 60 (1952),
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